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Abstract 
A significant difference between injecting CO2 into saline aquifers for sequestration and injecting fluids into oil reservoirs or 
natural gas into aquifer storage reservoirs is the availability and use of other production and injection wells surrounding the
primary injection well(s).  Of major concern for CO2 sequestration using a single well is the distribution of pressure and CO2
saturation within the injection zone. Pressure is of concern with regards to caprock integrity and potential migration of brine or 
CO2 outside of the injection zone, while CO2 saturation is of interest for storage rights and displacement efficiency.   
For oil reservoirs, the presence of additional wells is intended to maximize oil recovery by injecting CO2 into the same 
hydraulic flow units from which the producing wells are withdrawing fluids.  Completing injectors and producers in the same 
flow unit increases CO2 throughput, maximizes oil displacement efficiency, and controls pressure buildup.  Additional injectors 
may surround the CO2 injection well and oil production wells in order to provide external pressure to these wells to prevent the 
injected CO2 from migrating from the pattern between two of the producing wells. 
Natural gas storage practices are similar in that to reduce the amount of “cushion” gas and increase the amount of cycled or 
working gas, edge wells may be used for withdrawal of gas and center wells used for gas injection.  This reduces loss of gas to
the formation via residual trapping far from the injection well.  Moreover, this maximizes the natural gas storage efficiency 
between the injection and production wells and reduces the areal extent of the natural gas plume. 
Proposed U.S. EPA regulations include monitoring pressure and suggest the “plume” may be defined by pressure in addition 
to the CO2 saturated area.  For pressure monitoring, it seems that this can only be accomplished by injection zone monitoring 
wells.  For pressure, these wells would not need to be very close to the injection well, compared to monitoring wells intended to
measure CO2 saturation via fluid sampling or cased-hole well logs.  If pressure monitoring wells become mandated, these wells 
could be used for managing the CO2 saturation and aquifer pressure distribution.   
To understand the relevance and effectiveness of producing and injecting brine to improve storage efficiency, direct the plume 
to specific pore space, and redistribute the pressure, numerical models of CO2 injection into aquifers are used.  Simulated cases 
include various aquifer properties at a single well site and varying the number and location of surrounding wells for plume 
management.  Strategies in terms of completion intervals can be developed to effectively contact more vertical pore space in 
relatively thicker geologic formations.   
Inter-site plume management (or cooperative) wells for the purpose of pressure monitoring and plume management may 
become the responsibility of a consortium of operators or a government entity, not individual sequestration site operators.   
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1. Introduction 
The distribution of the plume within the injection zone is of considerable interest to all stakeholders:  project 
planners and investors, public officials and regulators, property owners and the general public.  In addition to the 
interest in the distribution of the CO2 is the distribution of the pressure increase due to the CO2 injection.  Issues of 
importance to an increase in pressure are hydraulic fracturing of the injection zone or caprock, exceeding the 
capillary entry pressure of the caprock, and the displacement of brine upward out of the injection zone via a conduit 
such as fracture or fault. 
The presence of Plume Management (PM) wells (monitoring wells with brine production or injection capability) 
offers the opportunity to sample brine, measure pressure, and inject or produce brine to manage the CO2 plume and 
pressure profile around the sequestration injection well.  Additionally, the storage efficiency of specific storage sites 
and geologic units may be increased by optimizing the injection and withdrawal rates, duration and timing, and well 
locations.  The CO2 injection well and PM wells are arranged in patterns that are similar to production/injection 
patterns in the oil and gas industry.   
Previous studies have involved injection and production of brine to maximize dissolution and trapping and for 
controlling pressure buildup.  Qi et al (2008) proposed single well injection strategies based on waterflooding 
concepts used in the oil and gas industry that combined brine and CO2 followed by brine injection only.  Anchliya 
and Ehlig-Economides (2009) presented work that showed using multiple brine producing and injecting wells 
(horizontal and vertical) to enhance dissolution and reduce risk of CO2 leakage from the injection zone.  Leonenko 
and Keith (2007) improved trapping by surface and in-situ mixing by producing brine far-field; the enhancement of 
in-situ mixing was by an extensive period of brine only injection following the CO2 injection period.   
This work is intended to demonstrate an additional benefit of managing the plume distribution through brine 
injection and production. 
2. General Model Descriptions 
The models used are based generally on the Mt. Simon within the Illinois Basin; however no particular site or 
location is intended to be represented by these results.  Only the concept of using PM wells to manage the 
distribution of the plume are demonstrated.  All wells are vertical.  All CO2 injection occurred at the base of the 
model in a relatively high permeability interval of the reservoir. 
The model used in this study has an area of 3,286 m by 3,286 m or 10.9 x 106 m2 (10,780 by 10,780 feet or 4.2 
square miles) and gross thickness of 490.7 m (1,610 feet) are gridded, and the model is horizontal.  No variations in 
rock or fluid properties exist laterally from the injection well.  Site specific simulations are 1,000 tonnes per day 
CO2 injection for 30 years.  Each grid cell is 67.1 m x 67.1 m x 4.57 m (220 ft x 220 ft x 15 ft), and gridded area is 
49-x, 49-y, 108-z cells; there are nearly 260,000 cells in the model.  An analytical aquifer function bounds the 
reservoir model laterally and no-flow boundaries are assigned to the top and bottom of the model.   
3. Single Injection Well within a Geologic Unit 
For the single well (site) models, injection/withdrawal scenarios were simulated to reduce plume size or increase 
storage efficiency.  Depending on the scenario, this was accomplished through staged injection and withdrawal at 
the top and bottom of the injection interval with varying well numbers, well pattern size, and injection and 
withdrawal rates.   
In general, relatively thick geologic formations with injection near the base have low storage efficiency in the 
base of the formation due to gravity segregation of the free-phase CO2 and brine.  Depending on vertical 
permeability and the magnitude of the CO2 injection rate, free-phase CO2 may exist in the lower part of the 
formation for several thousand feet.  Beyond this radius, using a single well injection it is not possible to store 
additional CO2 because the horizontal pressure gradient is too low compared to the vertical gradient due to gravity.   
To illustrate the potential for managing the plume distribution, combinations of the following were modeled:  1) 
PM wells producing brine from the upper part of the model, 2) PM wells injecting brine at the lower part of the 
model, and 3) PM wells producing brine at the lower part of the model.  The brine production in the upper part of 
the model was intended to create a vertical pressure gradient that would reduce the lateral extent of the plume; while 
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the basal brine injection was intended to create a constant pressure boundary that opposed the horizontal pressure 
gradient caused by the CO2 injection well. 
The placement of four brine producing PM wells placed at the corners of the model made a 10.9 x 106 m2 (4.2 sq. 
mile), 5-spot injection pattern.  PM wells were centered on each side of the model gave a 5.45 x 106 m2 (2.1 sq. 
mile) area, 5-spot injection pattern.  The PM wells were centered on each side of the model and 4 additional PM 
wells were placed between these wells in a hexagonal pattern (figure 1) for the 7.77 x 106 m2 (3.0 sq mile), 9-spot 
injection pattern.   
For most scenarios, a case of relatively low and relatively high vertical permeability was run.  Comparisons are 
made to the base case (figures 2a and 2b) with PM wells shut-in (no injection or production).  Over 35 models were 
run to develop the general observations described.   
3.1. PM Well: Brine Production Only 
In separate model runs, brine was produced from the PM wells in the upper part of the model and lower part of 
the model.  The production in the upper part of the model was intended to create a vertical pressure drop that would 
reduce the lateral extent of the plume.  The production in the lower part of the formation was intended to increase 
the lateral extent of the CO2 plume within the injection interval so that storage efficiency would be greater.  
With very few exceptions, none of the models showed appreciable changes to the plume distribution with PM 
wells on the order of 1 mile from the injection well due to the decline in pressure gradient radially away from the 
well.  Only PM wells within 0.5 miles were relevant to the management of the plume.   
3.1.1. Spacing 
Three 5-spot patterns of 1.63 x 106, 5.45 x 106 and 10.9 x 106 m2 (0.63, 2.1, and 4.2 square miles) were used to 
observe plume management at these sizes.  Very little to no affect (<304.8 m (<1,000 feet) or 10% of the base case 
diameter) was observed for the 2.1 and 4.2 area cases regardless of the perforated interval or kv/kh ratio.  Reducing 
the 5-spot size to 1.63 x 106 m2 (0.63 sq. miles) had the effect of reducing the plume diameter nearly 14% compared 
to the base case with perforations 45.7m (150 feet) above the injection interval.  (Figure 3) 
3.1.2. Patterns
For similar areas, the PM well pattern had no discernable difference in the CO2 plume size. Plume size 
differences between pattern types for the same well spacing were generally less than 152 m (500 feet).  This 
demonstrated that fewer PM wells could move the plume.  Compared to the base case, larger PM well areas showed 
little change from the base case, while smaller size PM well areas reduced the plume size for each pattern type.   
3.1.3. Production/Injection Ratio 
For the large spacing sizes, brine production/CO2 injection ratios as high as 4:1 were found to have very little 
influence on the distribution of CO2.  Due to the variation of permeability in the model, some cases could not 
support the 4:1 ratio and a 1:1 ratio was the highest attained for these cases.  The smaller PM well spacing, required 
lesser ratios on the order of 1:1.  (A ratio of 1:1 would be a balanced case or CO2 injection equals brine withdrawal 
on a reservoir volume basis.) 
3.1.4. Perforation Location 
Brine production PM well perforations were placed in three portions of separate modeled scenarios:  1) the upper 
part of the formation about 381 m (1,250 feet) vertically from the CO2 injection interval in the injection interval, 2) 
within the injection interval and 3) 45.7 m (150 feet) above the injection interval.  For the larger model sizes, very 
little to no noticeable change in the plume size was detected with PM wells perforated in the upper portion of the 
model.  This is primarily due to the proximity of the PM wells to the plume and the relatively low vertical 
permeability compared to the horizontal permeability.   
For the smaller model size, cases with perforations within 45.7 m (150 feet) and near the top of the of the 
injection interval showed measurable affects to the model projections (figure 4a and 4b); the plume was reduced by 
18% from the base case.  So the general proximity of the well had more affect relative to the vertical permeability.   
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Models of the injection interval brine production perforation cases at the large spacing resulted in very little 
change to the plume size.  Models with relatively smaller spacing directed the plume but had relatively quick 
breakthrough of CO2.  A combination of these two PM well spacing scenarios maintained one of the highest storage 
efficiencies and kept the plume within the injection interval (Figure 5). 
3.2. PM Well: Brine Injection Only 
Brine injection only was slightly less effective than brine production in managing the CO2 plume.  For many of 
the 5-spot patterns cases, CO2 moved between PM wells, while this rarely happened for the 9-spot pattern cases.  
The injection cases kept CO2 from moving towards the PM wells, the vertical permeability restricted the vertical 
movement; consequently, the reduction in plume size for these cases resulted in increased CO2 saturation near the 
wellbore. A balance of injection pressure was found to be more effective than balancing injection volumes between 
the PM wells and the CO2 injection well.  
 For the case of 8:1 PM well injection into the injection zone resulted in a 32% reduction of the plume (Figure 6). 
3.3. PM Well: Simultaneous Brine Injection and Production 
The effect of injection and production of brine was considered for the 9-spot, 2.1 sq mile model.  All of the 
injection/production was in the lower layers of the model.   Two scenarios were run:  1) simultaneous injection and 
production and 2) staged production and injection.   
The simultaneous injection/production case was side-to-side, i.e. PM wells on half of the pattern produced brine 
while the other half injected brine for 10 years.  During the next 10 years this was reversed and the final 10 years 
(total of 30 years) the PM wells were shut-in.  An asymmetrical plume was created.  During the first 10 years the 
plume is only slightly asymmetrical by 4% of the base case plume diameter; however during the 10 to 20 year 
period as the plume approaches the PM brine production wells, the CO2 plume is even more disproportionally closer 
to these wells by about 13% . 
The staged injection/production case was for all PM wells producing brine for 10 years, followed by all PM wells 
injecting brine, followed by 10 years shut-in period.  CO2 injection was continuous for the 30 year period.  For larger 
areas this option had a 9% reduction in plume size.   
3.4. Summary of Single Injection Well with PM Wells 
PM wells at relatively larger distances from the free phase CO2 plume can reduce pressure buildup effectively but 
have much less influence on position of the CO2 saturated plume.  Consequently, to manage the plume in the early 
part of the injection period, the PM wells must be relatively close to the injection well.  Depending on the distance 
between the PM wells and the edge of the CO2 plume, far-field PM wells tended to have the most influence in the 
later part of injection.   
PM wells within a CO2 plume have the obvious disadvantage of potentially leaking CO2 to the surface.  However, 
they also present advantages such as 1) pressure relief wells in the case of some unforeseen reservoir or wellbore 
related problem and 2) to serve as pressure and CO2 -saturation monitoring wells.   
Plume height was the largest immediately around the wellbore and none of the simulation cases altered the plume 
height.  Plume height growth was controlled by the interval with the relatively lower vertical permeability.   
4. Multiple Injection Sites within a Geologic Unit:  Basin Scale 
The use of cooperative PM wells (figure 7) at the boundaries of multiple sites is a means of monitoring and 
managing pressure. Because of the requirement of the PM wells to be relatively close to the injection well in order 
to direct the plume, it is unlikely that far-field, cooperative PM wells can be used to manage the plume.  However, 
the modeling of PM wells has clearly demonstrated their potential use as pressure relief wells in this and previous 
studies.   
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5. Conclusions  
Brine production and injection PM wells can move and redirect a CO2 plume with wells closest to the plume 
being the most effective.  Wells completed relatively close to the CO2 injection perforations, but not in the specific 
zone, had the most effect; however, this is likely specific to the vertical permeability in the region of the plume for 
the geologic model and may not be a general conclusion.   
The plume edge near brine production wells tended to have less vertical thickness (<6.1 m; <20 ft), while the 
plume edge near brine injection PM wells had greater vertical thickness (>6.1 m; >20 ft).  Brine injection PM wells 
were effective in preventing CO2 from passing potential property boundaries.   
While single site operators can manage PM wells within the scope of their project, at the Basin scale, with 
sequestration sites under different ownership or regulatory authority (e.g. at country or state boundaries), oversight 
of PM by a private cooperative business entity or government agency may be more practical and effective.  
Regulators and lessors of pore space need to become aware of possible PM strategies depending on the development 
of legal frameworks that may or may not require plume management. 
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Figure 1:  Pattern arrangement showing a 5-spot and 9-spot patterns used for investigation potential of PM wells to manage the 
plume distribution around a single CO2 injection well (figure courtesy of Daniel Byers). 
Injection well
PM wells
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Figure 2a:  Base Case vertical cross section (with vertical exaggeration) with PM wells acting as monitoring wells only.  No 
injection or production occurs in the PM wells for the base case.  The center vertical red line is the CO2 injection well. The
horizontal scale is about 2 miles; the vertical scale is about 600 ft. 
Figure 2b:  Base Case vertical cross section (without vertical exaggeration) with PM wells acting as monitoring wells only.  No 
injection or production occurs in the PM wells for the base case.  The center vertical red line is the CO2 injection well.  The 
horizontal scale is about 2 miles; the vertical scale is about 1,610 ft. 
Figure 3:  Example of brine production PM well reducing plume size when PM well area is reduced and PM wells are completed 
above the plume.  The center vertical red line is the CO2 injection well.  The PM wells are not shown in this cross-section but are 
near the edge of the plume.  The horizontal hatch marks at the bottom of each well are the model layers open to injection 
production. The horizontal scale is about 2 miles; the vertical scale is about 600 ft. 
Figure 4a:  Example of brine production PM completed at different distances to reduce plume size.    The PM wells are 
completed near the top of the model and not shown in this diagram.  The horizontal hatch marks at the bottom of each well are 
the model layers open to injection production. The horizontal scale is about 2 miles; the vertical scale is about 600 ft. 
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Figure 4b:  Example of brine production PM completed at different distances to reduce plume size.  The center vertical red line 
is the CO2 injection well.  The PM wells are completed near the injection interval of the model.  The PM wells are starting to 
cone CO2 upward.  The horizontal hatch marks at the bottom of each well are the model layers open to injection production. The 
horizontal scale is about 2 miles; the vertical scale is about 600 ft. 
Figure 5: Vertical cross-section of the plume distribution from two concentric 9-spot PM well patterns at perimeter of the model.  
Inner PM wells were shut-in when CO2 production started.  PM wells were completed in the injection interval.  The center 
vertical red line is the CO2 injection well.  The vertical green lines to the left and right are the PM wells.  The horizontal hatch 
marks at the bottom of each well are the model layers open to injection production. The horizontal scale is about 2 miles; the 
vertical scale is about 600 ft. 
Figure 6:  Example of brine injection PM well reducing plume size.  The center vertical red line is the CO2 injection well.  The 
vertical green lines to the left and right are the PM wells.  The horizontal hatch marks at the bottom of each well are the model 
layers open to injection production. The horizontal scale is about 2 miles; the vertical scale is about 600 ft 
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Figure 7:  Schematic of cooperative PM well arrangements for multiple sequestration site scenarios within the same formation of 
a geologic basin.  Solid lines reflect possible isopotential boundaries between sites created as a consequence of PM managements
wells.  (figure courtesy of Daniel Byers). 
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